246/250 words 20 Text: 3115/3500 words 21 22 Abstract 26 Purpose 27 To investigate succinate metabolism in cells undergoing clinically relevant cyclic 28 stretch and in spontaneously hypertensive rat (SHR) retina. 29 Methods 30 ARPE-19 cells were seeded on 6-well BioFlex collagen I-coated, silicone elastomer-31 bottomed culture plates. Cells were then subjected to pulsatile stretch using a 32 computer-controlled vacuum stretch apparatus. A physiologic stretch frequency of 60 33 cycles per minute and 5-15% prolongation of the elastomer-bottomed plates were 34 used. Succinate concentration was assessed by enzymatic analysis and high-35
All experiments were repeated at least three times unless otherwise indicated. 159 Results are expressed as mean ± standard deviation (S.D. 166 To determine whether cardiac-profile cyclic stretch at 60 cpm was sufficient for 167 increasing the intracellular succinate in ARPE-19 cells, intracellular succinate after 168 cyclic stretch was investigated by enzymatic analysis. In the first step, we 169 determined that the maximum magnitude of the cyclic stretch was 15%. The average 170 amount of succinate for the control (which corresponds to the unstretched cells) was 171 18.20 ± 8.20 mg (succinate)/g (total protein). The average amounts of succinate for 172 the 1, 2, 3, 6, 9, and 24-hour stretches were 24.87 ± 10.35, 38.00 ± 7.03 (P = 173 0.047), 35.84 ± 11.64 (P = 0.023), 38.19 ± 14.12 (P = 0.027), 39.32 ± 13.07 (P = 174 0.019), and 38.35 ± 12.12 (P = 0.009), respectively (Fig. 1A) . A significant increase 175 was observed for the average amount of succinate after a cyclic stretch of 2 or more 176 hours. Based on these results, we subsequently investigated intracellular succinate 177 after further changes in the magnitude of the cyclic stretch for 2 hours. Confluent 178 cultures of ARPE-19 cells were subjected to 5, 10, and 15% cyclic stretch for 2 179 9 hours. As seen in Fig. 1B , significant increases were observed for the average 180 intracellular succinate after a 10% (25.25 ± 5.72) and 15% cyclic stretch (24.49 ± 181 5.16) (P < 0.05). We also investigated intracellular succinate after cyclic stretch by 182 using HPLC/MS to confirm the amount of succinate. As seen in Fig. 1C , the 183 HPLC/MS results were similar to those found for the enzymatic analysis, with 184 significant increases noted in the intracellular succinate after a cyclic stretch for 2 185 hours (3.65 ± 1.49-fold compared to control, P < 0.05). These results suggest that 186 cyclic stretch increased the intracellular succinate in a time-and magnitude-187 dependent manner. Moreover, to confirm the correlation between succinate and 188 VEGF, VEGF protein levels from the same samples were also investigated. As seen 189 in Fig. 1D , significant increases were observed for the average VEGF protein levels 190 after a cyclic stretch for 2 hours (430.67 ± 46.57 pg/ml) and 3 hours (418.17 ± 191 87.65) (control; 187.33 ± 34.54, P < 0.01).
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Mechanistic Evaluation of Stretch-Induced Succinate Increase 194
To determine the mechanism by which stretch increased intracellular succinate, 195 inhibitors of classical/novel protein kinase C (PKC) isoforms (GF109203X, 5 μmol/l), succinate (17.24 ± 6.24, P < 0.01). Subsequently, we then evaluated the activity of 209 the citric acid cycle during the intracellular succinate increase by using HPLC/MS to 210 measure fumarate, which is the metabolite of succinate in the citric acid cycle.
211
Results indicated that levels of intracellular fumarate were similar to those for the 212 intracellular succinate during the cyclic stretch. As shown in Fig week-old SHRs (derived from WKY rats) and weight-matched WKY control animals 223 were treated orally for 1 week with or without the angiotensin converting enzyme 224 inhibitor, captopril. SHRs had elevated baseline systolic blood pressures (P < 0.001) 225 compared to the WKY controls (Table) . Systolic blood pressure was reduced in The present study demonstrated that cyclic stretch, which mimics systemic 239 hypertension, induced the production of succinate by the RPE cells in vitro. In 240 addition, systemic hypertension induced increases of vitreoretinal succinate.
241
Mechanical stress has recently been shown to be an important regulator of 242 gene expression, protein synthesis, growth, and differentiation of many cell 243 types. 17, 18 Although VEGF is a potent angiogenic mitogen that is secreted by tumor 244 cells and by cells exposed to hypoxia, mechanical stretch has been shown to induce 245 VEGF expression in rat ventricular myocardium, 19 rat cardiac myocytes, 20 human 246 mesangial cells 21 and rat RPE cells. 22 Moreover, recent reports that succinate can 247 induce cellular signaling events through GPR91 has raised the possibility that its 248 physiological properties are beyond its traditional role as a citric acid cycle 249 metabolite. 12, 13 Therefore, in order to confirm the hypothesis that intracellular 250 succinate may be increased by mechanical stretch under hypertensive conditions, 251 we investigated intracellular succinate in the RPE cells after cyclic stretch. Our 252 findings showed that the cyclic stretch mimicked the cardiac cycle in terms of 253 frequency, magnitude, and stress contour, thereby resulting in an accumulation of 254 intracellular succinate and VEGF. After 2 or more hours of cyclic stretch or exposure 255 to 10% and 15% cyclic stretch, significant increases in the average amount of 256 succinate were observed. The mechanism by which cellular stretch is detected and translated into 276 intracellular signaling has yet to be completely understood. Stretch rapidly activates 277 a plethora of second messenger pathways including tyrosine kinases, p21 ras , 278 13 extracellular signal-regulated kinase (ERK), S6 kinase, PKC, phospholipases C 279 (PLC) and D, and the P450 pathway. 25, 26 Mechanical stretch can also regulate 280 protein synthesis and the activity of numerous factors including NO, 27 endothelin-1, 28 281 platelet-derived growth factor, 29 fibroblast growth factor, 30,31 and angiotensin II. 32
282
Although ERK has been reported to be important for VEGF expression, 33-38 another 283 previous report suggested that stretch-induced VEGF expression is mediated by PI 284 3-kinase and PKC-ζ in a manner that is independent of ERK1/2, Akt, or Ras. 39 In 285 order to determine the mechanism by which stretch increased the intracellular shown to indicate the mechanosensitivity of these different cell types. However, the 296 specific mechanism responsible for these calcium increases has yet to be 297 investigated in detail. Current reports suggest that ATP receptors 45 and 298 mechanosensitive channels 46 play a part in the kinetics of the calcium transients.
299
Calcium regulates mitochondrial function, movement, and viability. Like the 300 endoplasmic reticulum, mitochondria can also store calcium and thus, there is 301 stimulation of the calcium-sensitive dehydrogenases of the citric acid cycle, 47 as the 302 increased mitochondrial calcium boosts ATP production. Consequently, this activity 303 14 can potentially induce an increase of the succinate metabolism. Conversely, since 304 BAPTA/AM induces a decrease of the intracellular calcium, this may inactivate the 305 citric acid cycle and lead to a decrease in the succinate metabolism.
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To determine whether hypertension induced an increase in intracellular 307 succinate in vivo, we investigated vitreoretinal succinate in SHRs using previously 308 described methods. 15 Moreover, we used captopril rather than a calcium channel 309 blocker in order to make it possible to investigate the effect of normalizing 310 hypertension itself. Our results showed that vitreoretinal succinate was increased in 311 the SHRs compared with the normotensive WKY control animals. When blood 312 pressure was controlled in the SHRs through the use of captopril, there was a 313 reduction in the vitreoretinal succinate to levels similar to those found in the 314 normotensive WKY controls. These results suggested that not only hypertension-315 induced cyclic stretch in vitro but also systemic hypertension in vivo induced 316 increased succinate metabolism. Moreover, short periods of blood pressure control 317 can also reduce vitreoretinal succinate. Similarly, a previous report showed that 318 hypertension increased VEGF expression while captopril reduced VEGF expression 319 to control levels. 15 In addition, not only has succinate been reported to induce VEGF 320 expression, 13 it has also been suggested that a positive feedback mechanism exists 321 between succinate and VEGF. 14 As hypertension induces succinate as well as 322 VEGF, the interaction of these molecules may exacerbate diabetic retinopathy, AMD, 
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Our data suggest that a novel molecular mechanism might account for the 346 exacerbation of retinal vascular diseases by concomitant hypertension. Furthermore, 347 these findings may also partially explain the principal clinical manifestations of 348 hypertensive retinopathy itself. Our results additionally suggest the possibility that a 349 similar process may be involved in hypertension's effect on nonocular conditions. At 
